Endocrine-disrupting chemicals (EDCs) are exogenous agents with the ability to interfere with processes regulated by endogenous hormones. One such process is female reproductive function. The major reproductive organ in the female is the ovary. Disruptions in ovarian processes by EDCs can lead to adverse outcomes such as anovulation, infertility, estrogen deficiency, and premature ovarian failure among others. This review summarizes the effects of EDCs on ovarian function by describing how they interfere with hormone signaling via two mechanisms: altering the availability of ovarian hormones, and altering binding and activity of the hormone at the receptor level. Among the chemicals covered are pesticides (e.g. dichlorodiphenyltrichloroethane and methoxychlor), plasticizers (e.g. bisphenol A and phthalates), dioxins, polychlorinated biphenyls, and polycyclic aromatic hydrocarbons (e.g. benzo[a]pyrene).
Introduction
According to the Environmental Protection Agency (EPA), an endocrine-disrupting chemical (EDC) is an exogenous agent that interferes with synthesis, secretion, transport, metabolism, binding action, or elimination of natural blood-borne hormones that are responsible for homeostasis, reproduction, and developmental processes. Although previously thought to exert their effects only via nuclear receptors, such as those for sex steroids, today we know that EDCs may also act through membrane receptors, neurotransmitter receptors, orphan receptors, and enzymatic pathways involved in the synthesis of hormones. Reviews of existing literature on EDCs have been published previously and summarize basic and clinical research findings related to endocrine disruption in various organs (Diamanti-Kandarakis et al. 2009 ), including the ovary (Foster et al. 2004) . The present review focuses on endocrine disruption in the ovary and is divided into three sections, two of which are major components of the EPA definition of EDC. First, an introductory section provides the reader with background related to the ovary and its physiology and an introduction to the most widely studied ovarian hormone receptors. Secondly, we discuss examples of chemicals that alter the availability of ovarian hormones (synthesis and metabolism). Finally, we discuss the most commonly studied ovarian hormone receptors and chemicals that alter their activation and signaling. A variety of studies and experimental approaches will be discussed while giving particular emphasis to the in vitro studies that have contributed to expanding our understanding of the mechanisms of action of some of the most popular ovarian EDCs.
The ovary
The cycling ovary contains ovarian follicles at different stages of development and, following ovulation, one or more corpora lutea depending on the species. The process by which the most immature follicles (primordial) develop into preovulatory follicles is termed folliculogenesis (reviewed in Oktem & Urman (2010) ). Primordial follicles exist in a finite number and consist of a single oocyte (egg) surrounded by a single layer of flattened somatic cells known as granulosa cells. During folliculogenesis, granulosa cells become activated, change into a cuboidal shape, and proliferate forming multiple layers around the oocyte. Also, during this process, the oocyte grows, and additional somatic cells known as theca cells are recruited to the follicular structure. Finally, toward the end of folliculogenesis, the follicle obtains a fluid-filled cavity known as the antrum. At this time, the follicle is now referred to as an antral follicle. Antral follicles are the major source of the ovarian steroids and are capable of ovulation following proper stimulation by LH. After ovulation or expulsion of the oocyte from the follicle, the remaining granulosa and theca cells undergo a process of differentiation known as luteinization. During luteinization, the granulosa and theca cells become luteal cells and the former follicular structure is now known as a corpus luteum. A functional corpus luteum produces progesterone, the hormone necessary for successful implantation and maintenance of pregnancy. If fertilization does not occur, or a pregnancy is not accomplished, the corpus luteum will undergo a process of cell death known as luteolysis or corpus luteum regression. Disruption of the process of folliculogenesis and corpus luteum formation can lead to adverse reproductive outcomes such as anovulation, infertility, decreased fecundity, estrogen deficiency, and premature ovarian failure.
Ovarian steroidogenesis
Both major ovarian structures, the antral follicle and the corpus luteum, are steroidogenic glands. Antral follicle steroidogenesis has been described by the two-cell, twogonadotropin theory of ovarian steroidogenesis. Specifically, this theory describes how granulosa and theca cells work together to make the ovarian steroids (Falck (1959) ; and others reviewed in Richards (1980) ; Fig. 1 ). Theca cells possess receptors for LH, which is released from the anterior pituitary (Channing & Kammerman (1974) ; and others reviewed in Richards (1980) ). Upon binding to its receptor, LH signals theca cells to increase transcription of genes encoding the enzymes necessary for conversion of cholesterol to androgens (androstenedione and testosterone). On the other hand, granulosa cells possess receptors for FSH, which is also released from the anterior pituitary (Carson et al. (1979) ; and others reviewed in Richards (1980) ). Upon binding to its receptor, FSH signals granulosa cells to increase transcription of genes encoding the enzymes necessary for conversion of theca-derived androgens into estrogens (17b-estradiol (E 2 ) and estrone). In the theca cell, cholesterol is either internalized by lipoprotein receptors or synthesized de novo. Once in the cytoplasm, cholesterol is transported into the mitochondria by STAR (Strauss et al. 1999 , Christenson & Strauss 2000 , Stocco 2001 ). In the mitochondria, cholesterol is converted to pregnenolone by cytochrome P450 cholesterol side-chain cleavage (CYP450scc; CYP11A1; Miller 1988 , Hanukoglu 1992 . Pregnenolone diffuses from the mitochondria into the smooth endoplasmic reticulum where it can be converted to progesterone by 3bhydroxysteroid dehydrogenase (HSD3B; Penning 1997) or to DHEA by 17a-hydroxylase-17,20-desmolase (CYP45017a; CYP17A1). Both HSD3B and CYP17A1 will catalyze the conversion of DHEA and progesterone to androstenedione (Hanukoglu 1992) respectively. Androstenedione can either be converted to testosterone by 17b-hydroxysteroid dehydrogenase (HSD17B) within the theca cell or diffuse into the granulosa cell. In the granulosa cell, aromatase (CYP450arom; CYP19A1) can convert androstenedione to estrone and testosterone to (Hanukoglu 1992) . Furthermore, granulosa cells can convert estrone to E 2 through the action of HSD17B (Penning 1997 ). E 2 is the most potent form of estrogen in female reproduction. However, following its synthesis, E 2 can be further metabolized into 2-hydroxyestradiol by CYP1A1/2 and CYP3A4, or to 4-hydroxyestradiol by CYP1B1 (Hayes et al. 1996 , Tsuchiya et al. 2005 . These modifications lead to inactivation of E 2 and further modifications are thought to lead to cell damage (Tsuchiya et al. 2005) . Several chemicals have the ability to alter the synthesis and metabolism of ovarian sex steroid hormones by altering the expression and catalytic activity of these enzymes. Therefore, endocrine disruption occurs when the hormone is no longer available to bind its receptor and fails to elicit its physiological function (Tables 1 and 2).
Ovarian hormone receptors
The ovarian hormone receptors include those for the sex steroid hormones estrogen, progestins, and androgens (reviewed in Drummond et al. (2002) and Brosens (2004) ), as well as orphan receptors like the aryl hydrocarbon receptor (AHR; reviewed in Pocar et al. (2005) ) and the gonadotropin receptors, which bind LH and FSH. The sex steroid hormone receptors and the AHR are ligand-dependent transcription factors that bind DNA and control expression of specific genes. On the other hand, LH and FSH receptors are G protein-coupled receptors that modulate cell function by activating second messenger signaling pathways upon binding to their peptide hormone ligands (Magoffin & Erickson 1982 , Wang et al. 1982 . A growing number of environmental contaminants, which are considered endocrine disruptors, can cause ovarian toxicity. In the ovary, most studies have focused on the effects of EDCs on estrogen receptors (ESRs), the AHR and the androgen receptor (AR).
Chemicals that alter the availability of ovarian hormones
Pesticides: dichlorodiphenyltrichloroethane and methoxychlor Dichlorodiphenyltrichloroethane (DDT) is a broadspectrum insecticide widely used in the 1940s, but presently banned in many countries. In mammals, DDT is mainly metabolized by dechlorination and subsequent dehydrochlorination to 1,1-dichloro-2,2-bis(4-chlorophenyl)ethylene, referred to as DDE (Gold & Brunk 1982) . The effects of DDT and DDE on the female reproductive system have been widely studied and have been reviewed elsewhere (Tiemann 2008) . Early evidence supporting DDT and DDE as endocrine disruptors came from studies reporting altered sex steroid hormone concentrations in alligators hatched from eggs obtained from contaminated lakes (Guillette et al. 1995 (Guillette et al. , 1996 . Also, evidence supporting exposure to DDT and DDE as a public concern has risen from studies reporting the presence of these chemicals in serum (range: 1.08-1.68 ng/ml) and follicular fluid (0.01-1.11 ng/ml) of women (Jarrell et al. 1993 , De Felip et al. 2004 , Al-Saleh et al. 2009 , Meeker et al. 2009 ), farm animals (0.16-1.50 ng/ml; Kamarianos et al. 2003) and the fact that they can accumulate in the egg-forming tissues and egg yolk of laying hens (Furusawa 2002) . Studies using porcine granulosa cells have demonstrated that DDE alters progesterone synthesis. Specifically, it has been shown that at low concentrations (10 ng/ml), DDE is able to increase progesterone synthesis by porcine granulosa cells (Crellin et al. 1999) . Interestingly, higher concentrations of DDE (0.3-320 mg/ml) were shown to block progesterone synthesis in stable and primary cultures of porcine granulosa cells (Chedrese & Feyles 2001 , Crellin et al. 2001 . In fact, different effects on steroidogenesis have been reported for isomers of DDT isomers (p,p 0 -and o,p 0 -DDT) and isomers of its metabolite DDE (p,p 0 -and o,p 0 -DDE) in porcine follicular cells. Specifically, p,p 0 -DDT (0.4-4 mg/ml) was shown to decrease E 2 production, while o,p 0 -DDT and the DDE isomers at doses ranging from 0.004 to 4 mg/ml increased it. Also, progesterone secretion was decreased by addition of DDT isomers and p,p 0 -DDE (4 mg/ml), but not by o,p 0 -DDE (Wó jtowicz et al. 2007) . As far as the mechanism(s) by which DDE alters steroidogenesis, it has been observed that high doses of DDE (w3-32 mg/ml) lead to decreased cAMP synthesis (Chedrese & Feyles 2001) and decreased expression of Cyp11a1 (Crellin et al. 2001) in porcine granulosa cells. Therefore, it is thought that DDE decreases progesterone synthesis in granulosa cells by impairing generation of cAMP, which leads to reduced transcription of Cyp11a1 mRNA. In turn, decreased levels of Cyp11a1 mRNA, which encodes the main rate-limiting enzyme in ovarian steroidogenesis, are responsible for decreased synthesis of ovarian sex steroids such as progesterone and E 2 . However, the mechanism by which different doses of DDT and/or isomers cause opposite effects (e.g. increased/decreased progesterone) is not well understood. Perhaps this can be attributed to differences in affinity for receptors and/or enzymes due to different chemical structures, doses administered and length of exposure. Some studies also suggest that aromatase activity can also be a target of DDT because treatment with DDT and/or DDE (4 mg/ml) results in increased aromatase activity in porcine follicular cells (Wó jtowicz et al. 2007 ) and human granulosa cells (100 ng/ml; Younglai et al. 2004a ). Furthermore, another study demonstrated that DDE (100 ng/ml) can stimulate calcium (Ca 2C ) mobilization in human granulosa-lutein cells (Younglai et al. 2004b ). Therefore, DDT may not only interfere with gonadotropin receptor signaling second messengers such as cAMP, but also may directly alter enzymatic activity, and modulate Ca 2C -dependent pathways. DDT and DDE (w108 and 98 mg/kg, respectively) have also been shown to increase expression and activity of male rat hepatic cytochrome P450 enzymes such as those in the CYP2 and CYP3 families (Nims et al. 1998) . Interestingly, enzymes within the CYP3A sub-family of metabolic enzymes are involved in the metabolism of estrogens in humans (reviewed in Tsuchiya et al. (2005) ). Therefore, although no studies have described this phenomenon in females or in ovarian cells, it is important to consider that perhaps DDT may affect hepatic metabolism and increase breakdown of ovarian estrogens. Thus, it is possible that DDT causes endocrine disruption by altering both synthesis and metabolic breakdown of the ovarian steroids. Methoxychlor (MXC) is an organochlorine pesticide introduced as a less persistent alternative to DDT. Unfortunately, many studies have demonstrated that MXC is also an endocrine disruptor and its effects on female reproduction have been reviewed previously (Tiemann 2008) . Evidence for the ability of MXC to alter levels of ovarian hormones has been provided by various groups. Experiments by Cummings & Laskey (1993) showed that MXC (250-500 mg/kg) reduced serum progesterone levels, impaired implantation and decreased ex vivo production of E 2 and testosterone in rats. Studies in amphibians have shown that MXC (0.5-25 ng/ml) inhibits progesterone synthesis and interferes with progesterone-induced oocyte maturation (Pickford & Morris 1999 . In cultured porcine granulosa cells, MXC (0.1-3.5 ng/ml) reduced basal and FSH-and cholera toxin-stimulated progesterone production (Chedrese & Feyles 2001 , Crellin et al. 2001 , and increased levels of Cyp11a1 transcript without altering levels of cAMP (Crellin et al. 2001) . Therefore, it has been proposed that MXC may affect sex steroid levels by blocking a step in the steroid synthesis pathway that is downstream of generation of cAMP, but upstream of conversion of cholesterol to pregnenolone (Crellin et al. 2001) . The fact that MXC has also been shown to increase intracellular Ca 2C concentrations at low doses (w0.01-0.5 mg/ml; Wu et al. 2006) , suggests that MXC may interact with membrane receptors and parallel pathways that modulate ovarian steroidogenesis. In mouse antral follicles, MXC (1-100 mg/ml) was shown to decrease expression of mRNAs encoding the main steroidogenic enzymes with subsequent decreases in the main sex steroids . Studies in rodents have determined that upon entering the body, MXC is absorbed and sequentially demethylated by hepatic CYP450 enzymes to form a mono-hydroxylated metabolite commonly known as mono-OH and a bishydroxylated metabolite known as HPTE (Imai & Coulston 1968 , Kapoor et al. 1970 . It has been proposed that effects of MXC are due to these metabolites. In fact, several studies have shown that these metabolites disrupt ovarian steroidogenesis in vitro. For example, mono-OH (10 mg/ml) decreases synthesis of progesterone, androstenedione, testosterone, and E 2 in isolated mouse antral follicles (Craig et al. 2010) . In that study, decreased steroidogenesis was accompanied by decreased expression of Cyp11a1, Cyp17a1, and Cyp19a1. HPTE (1-10 mM) has been shown to reduce FSH-stimulated ESR, estrogen receptor; DES, diethylstilbestrol; ESR1, estrogen receptor a; ESR2, estrogen receptor b; MXC, methoxychlor; BPA, bisphenol A; AHR, aryl hydrocarbon receptor; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; E 2 , 17b-estradiol; PTGS2, prostaglandin-endoperoxide synthase 2 (also known as cyclooxygenase-2 (COX-2)); PAH, polycyclic aromatic hydrocarbon; AR, androgen receptor; CNP, chlornitrofen; PGR, progesterone receptor; HPTE, bis-hydroxy methoxychlor; LHR, LH receptor.
Endocrine disruptors in ovarian function synthesis of progesterone and E 2 in cultured rat granulosa cells (Zachow & Uzumcu 2006) . In that same study, HPTE decreased FSH-induced expression of Cyp11a1 and Cyp19a1. In a similar study, Harvey et al. (2009) reported that HPTE (5-10 mM) decreased expression of Cyp11a1, Hsd3b1, and Cyp19a1 in rat granulosa cells in vitro. Furthermore, HPTE (50-100 nM) has been shown to directly inhibit the catalytic activity of CYP11A1 in cultured theca-interstitial cells obtained from immature rats primed with pregnant mare serum gonadotropin (Akgul et al. 2008) . However, no changes were detected in granulosa cells and no changes in Cyp11a1 mRNA or protein were detected in thecainterstitial cells (Akgul et al. 2008) . Interestingly, a microarray experiment using cultured rat granulosa cells (Harvey et al. 2009 ) revealed downregulation by HPTE (10 mM) of Inhba and Inha mRNAs, which encode subunits of the peptide hormone inhibin. HPTE treatment also downregulated the mRNA expression of ovarian paracrine factors such as kit ligand and insulin-like growth factor 1. This observation suggests HPTE may also cause paracrine disruption in the ovary. Lastly, evidence exists that MXC is capable of inducing metabolic enzymes involved in the catabolism of E 2 . Specifically, MXC (200 mg/kg) has been reported to induce expression of rat hepatic Cyp3a1 mRNA (Li & Kupfer 1998 ). Furthermore, MXC (100 mg/ml) induces expression of Cyp1b1 mRNA in isolated mouse antral follicles to levels comparable to those stimulated by TCDD, a classical inducer of Cyp1b1 transcription ). Thus, MXC may not only decrease synthesis of sex steroids, but also increase their catabolism by modulating the expression of the enzymes responsible for these processes.
Plasticizers: bisphenol A and phthalates
Bisphenol A (BPA) is a plasticizer found in reusable plastic containers, food and beverage can liners, baby bottles and dental sealants among others. BPA exposure has become an important health concern based on its ability to 'leach' from these products and enter the materials contained within them. Human exposure has been confirmed in various tissues including ovarian follicular fluid, and various exposures have been linked to reproductive effects in animal models (reviewed in Hengstler et al. (2011) ). Recent studies have been aimed at understanding the effects of BPA on ovarian steroidogenesis in various experimental systems. In mice, BPA (44-440 mM, 96 h) inhibits growth of antral follicles in vitro and reduces production of progesterone, DHEA, androstenedione, estrone, testosterone, and E 2 . Furthermore, BPA-induced inhibition of steroidogenesis is accompanied by decreased expression of Star, Hsd3b1, and Cyp17a1 transcripts . Another study evaluating the effects of BPA on cultured rat theca-interstitial and granulosa cells showed dose-dependent alterations in sex steroid levels and mRNA for steroidogenic enzymes. Specifically, BPA (0.1-100 mM, 48 h) increased testosterone synthesis as well as expression of Cyp17a1, Cyp11a1, and Star mRNAs in theca-interstitial cells. In granulosa cells, BPA (0.1-10 mM, 48 h) increased progesterone and Cyp11a1 levels, but decreased E 2 and Cyp19a1 levels when given at concentrations among 1, 10, and 100 mM (Zhou et al. 2008) . In cultured porcine granulosa cells, all doses of BPA (0.1-10 mM) decreased progesterone production, while a low dose of 0.1 mM increased E 2 levels and high doses ranging from 1 to 100 mM BPA decreased E 2 production (Grasselli et al. 2010 ). Another study with porcine granulosa cells showed that, depending on the dose given, BPA increased basal (1 mM) and FSHinduced (10 mM) progesterone production, while it inhibited (1-100 mM) FSH-induced E 2 production (Mlynarcíková et al. 2005 ). Furthermore, BPA (100 mM) decreased progesterone production, decreased expansion of cumulus cells and inhibited oocyte maturation in porcine oocyte-cumulus complexes (Mlynarcíková et al. 2009 ). BPA treatment (40-100 mM) decreased aromatase mRNA and protein, and reduced E 2 production by primary human granulosa cells and a human ovarian granulosa-like tumor cell line (Kwintkiewicz et al. 2010) . Neonatal female caiman exposed in ovum to BPA at 1.4 and 140 ppm had increased E 2 serum levels, while 1.4 ppm BPA resulted in decreased testosterone levels compared with vehicle-treated controls (Stoker et al. 2008) . Lastly, expression of ovarian aromatase (Cyp19a1) was downregulated in rare minnow juveniles treated with BPA (0.1-10 nM; Wang et al. 2010) .
Although various lines of evidence show that BPA alters ovarian steroidogenesis by decreasing expression of key steroidogenic enzymes, the mechanisms by which these alterations occur remains to be determined. Furthermore, the mechanisms underlying the ability of BPA to produce opposite effects on steroid hormone levels and steroidogenic enzyme expression may be due to differences in experimental approaches such as dose given, species and cell type used, and on the length of exposure.
Phthalates are synthetic chemicals used in polyvinyl chloride plastics, beauty and infant products, medical devices, and the enteric coating of some medications. Several groups have documented the ability of phthalates to cause female reproductive toxicity and the subject has been reviewed previously . In vivo studies in rats showed that di-(2-ethylhexyl) phthalate (DEHP; 300 and 600 mg/kg) significantly decreased levels of E 2 , and aromatase mRNA and protein (Xu et al. 2010) . In mice, DEHP (1-100 mg/ml) and its metabolite mono-(2-ethylhexyl) phthalate (MEHP; 0.1-10 mg/ml) inhibit antral follicle growth, reduce in vitro E 2 production, and decrease Cyp19a1 expression. Furthermore, DEHP-and MEH-P-induced inhibition of follicle growth and downregulation of Cyp19a1 mRNA levels were prevented with E 2 co-treatment (1-10 nM; Gupta et al. 2010) . In isolated mouse small preantral follicles, MEHP treatment (10-200 mM) resulted in increased inactivation of E 2 to estrone and a precocious increase in progesterone synthesis (Lenie & Smitz 2009 ). In human granulosa-lutein cells, MEHP (0.6-500 mmol/l) suppressed basal and FSH-, hCG-, and 8Br-cAMP-stimulated E 2 production, and decreased aromatase mRNA and activity (Reinsberg et al. 2009 ). In porcine oocytecumulus complexes, DEHP increased progesterone production when given at 1 mM (Gunnarsson et al. 2008 ). However, MEHP was found to increase progesterone without altering cAMP levels produced by the granulosa tumor cell line KK-1 (Gunnarsson et al. 2008) . A study in rats described the ability of DEHP (500 mg/kg) to alter ovarian steroidogenesis and production of the gonadotropins by gonadotropes. Specifically, ex vivo production of LH was increased in gonadotropes obtained from DEHP-treated immature rats while serum progesterone levels were decreased (Svechnikova et al. 2007) . However, a different study showed that inhaled DEHP (5 and 25 mg/m 3 ) increased levels of LH and E 2 in serum of prepubertal rats, and it increased ovarian Cyp19a1 expression (Ma et al. 2006) , the latter two in disagreement with more recent findings. Perhaps this difference is due to differences in the experimental approaches used (in vivo versus in vitro) as well as exposure routes and doses given. In cultured rat granulosa cells, MEHP (50 and 100 mM) decreased Cyp19a1 mRNA and protein (Lovekamp & Davis 2001) , induced the expression of 17b-hydroxysteroid dehydrogenase IV (Hsd17b4), Ahr and Cyp1b1 and epoxide hydrolase (Ephx; ). Thus, MEHP may alter E 2 levels by decreasing synthesis (decreased Cyp19a1) and by increasing its catabolism by Cyp1b1 and Hsd17b4, which are involved in E 2 conversion to catechol estrogens and estrone respectively. Finally, although the majority of studies evaluating the effects of phthalates on ovarian function have focused on DEHP and MEHP, one study demonstrated that dioctylphthalate (DOP), diisodecylphthalate (DiDP), and diisononylphthalate (DiNP) possess endocrine-disrupting ability because they increase progesterone production by cultured porcine granulosa cells (Mlynarcíková et al. 2007 ). These findings indicate that phthalates, other than DEHP and MEHP, may alter ovarian processes and merit further investigation.
Polyhalogenated arylhydrocarbons
The subject of the molecular actions of polyhalogenated arylhydrocarbons, such as polychlorinated dibenzo-p-dioxins (PCDDs; dioxins) and polychlorinated biphenyls (PCBs) on female reproduction has been reviewed previously (Petroff et al. 2001 . Therefore, this section focuses on recent findings on the ability of these chemicals to reduce the availability of ovarian hormones as a mechanism for ovarian endocrine disruption.
Dioxins are a class of environmental chemicals exemplified by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The effects of TCDD on porcine steroidogenesis have been described by others and the subject has been reviewed previously (Gregoraszczuk 2002) . Therefore, this section will focus on providing an updated and brief overview of the subject including data obtained using other species. A study in rats investigated whether maternal exposure to TCDD (1 mg/kg) damages gonadotropin-regulated steroidogenesis by fetal gonads and found that it decreased the expression of LH in the pituitaries, and decreased Star and Cyp17a1 mRNAs in the ovaries of the offspring (Takeda et al. 2009 ). Another study evaluated the effects of gestational and lactational exposure to TCDD (0.04-1 mg/kg) on ovarian steroidogenesis in rats, and observed that plasma progesterone levels were significantly increased in the absence of decreased steroidogenic enzyme expression when animals were given a dose of 1 mg/kg TCDD (Pesonen et al. 2006) . In utero and lactational exposure of rats to TCDD (0.04-1 mg/kg) resulted in decreased E 2 levels in serum of dams and offspring, decreased levels of Star and increased levels of FSH when given at 1 mg/kg. A lower dose of 0.2 mg/kg resulted in decreased Cyp19a1 mRNA in that same study (Myllymäki et al. 2005b ). In cultured immature rat granulosa cells, TCDD (10 pM) reduced FSH-induced LH receptor mRNA expression (Minegishi et al. 2003) . Furthermore, in whole rat ovary microarray studies, chronic TCDD exposure (200 ng/kg per week) induced Cyp1b1, and downregulated Cyp17a1 and growth differentiation factor 9 (Gdf9), a paracrine factor involved in folliculogenesis (Valdez et al. 2009 ). Thus, evidence suggests that TCDD, such as other endocrine disruptors, decreases sex steroid hormone synthesis, but at the same time also increases catabolism of E 2 , the major product of ovarian steroidogenesis.
PCBs are organic compounds widely used in dielectric fluids such as those in transformers, capacitors, and coolants. They exist in various forms termed PCB congeners. The idea of PCB exposure as a concern to humans is supported by studies reporting levels of various congeners in ovarian follicle fluid of women (total PCB 0.37 ng/g wet weight; De Felip et al. 2004) and in farm animals (0.45-3.05 depending on species; Kamarianos et al. 2003 ). Various studies have used different species and experimental models to evaluate the ability of PCBs to cause endocrine disruption in the ovary. In bovine luteal cells, PCBs 126, 77, and 153 (each given at 1-100 ng/ml) did not alter basal luteal steroidogenesis, but were able to decrease LH-stimulated secretion of progesterone in the luteal phase to PCB 153 (50 and 100 ng/ml) decreased progesterone and testosterone secretion by porcine ovarian follicular cells. Interestingly, longer exposures increased progesterone secretion, accompanied by decreased testosterone and a tendency for decreased E 2 secretion (Gregoraszczuk & Wó jtowicz 2002) . In porcine luteal cells, PCB 126 (5-100 ng/ml) was shown to decrease progesterone secretion, while the effect of PCB 153 was dependent on length of exposure. Specifically, between 48 and 72 h, PCB 153 decreased progesterone secretion, but after 72 h, it induced a dose-dependent increase in progesterone secretion (Augustowska et al. 2001) . A later study in the same in vitro model evaluated the effects of PCBs 153, 118, 180, and 138, and showed that congeners 153 (8 mg/ml), 118 (3 mg/ml), and 180 (3 mg/ml) increased E 2 secretion, while congener 138 (8 mg/ml) increased testosterone secretion (Mlynarcíková et al. 2009 ). Although various studies have described the ability of PCBs to alter ovarian steroidogenesis, the molecular mechanisms underlying these alterations remain to be determined.
Polycyclic aromatic hydrocarbons
Polycyclic aromatic hydrocarbons (PAHs) are potent lipophilic pollutants that consist of fused aromatic rings. These chemicals can be formed during the incomplete combustion of carbon-containing substances such as wood, coal, and tobacco. This class of chemicals includes various members of which benzo[a]pyrene (BAP), dimethylbenz[a]anthracene (DMBA), phenanthrene, and chrysene are examples. Humans are exposed to PAHs mainly through tobacco smoking. Although PAHs are recognized as potent toxicants, not many studies have evaluated their ability to alter levels of ovarian steroids directly. However, several members of this family have been described as potent ovotoxicants (e.g. DMBA and BAP) that indirectly may alter levels of hormones by depleting follicles before they reach the steroid-producing antral stage. The topic of PAHinduced depletion of preantral follicles has been briefly reviewed elsewhere (Miller et al. 2004) . One study using isolated preantral follicles from rats showed that treatment with BAP (R1.5 ng/ml) inhibited follicular growth, and decreased E 2 and anti-Mü llerian hormone output (Neal et al. 2010) . In rats, BAP (5 and 10 mg/kg) has been shown to decrease levels of E 2 and decrease aromatase mRNA and protein (Xu et al. 2010 ). Furthermore, BAP, phenanthrene, and chrysene inhibited androstenedione and E 2 secretion by ovarian tissues of flounder treated with each chemical individually at 15 mM (Monteiro et al. 2000 , Rocha Monterio et al. 2000 and phenanthrenequinone (100-1000 nM), a metabolite of phenanthrene, reduced LH-stimulated progesterone in rat luteal cells (Nykamp et al. 2001) . Despite the limited data currently available, the influence of PAHs on steroidogenesis is evident and, thus, it is reasonable to predict that studies aimed at understanding their mechanisms of action are forthcoming.
Chemicals that alter hormone receptor binding and action
Estrogen receptors E 2 plays critical roles in female reproduction. The biological functions of estrogens are mainly mediated by two estrogen receptors: ESR1 and ESR2. The two ESR subtypes have distinct tissue expression patterns, ligand specificities, and functions (Pelletier 2000) . In the ovary, ESR1 is expressed primarily in theca and interstitial cells and its main function is to regulate steroidogenesis in theca cells . In contrast, ESR2 is predominantly expressed in granulosa cells and its main roles are FSH-directed granulosa cell differentiation, follicle maturation and ovulation (Drummond & Fuller 2010) . Many EDCs interfere with female reproductive function by activating or antagonizing ESRs. Different EDCs show distinct effects in the ovary depending on their binding affinity to different ESRs. Diethylstilbestrol (DES) is a non-steroidal synthetic estrogen that was prescribed from the 1940s to 1970s to pregnant women to prevent miscarriages. By the 1970s, numerous studies showing multi-generational effects of DES on reproductive, cardiovascular, and immune systems lead to a ban on the use of this drug during pregnancy (Goldberg & Flacone 1999) . DES mimics the natural estrogen, E 2 , through conserved protein-ligand contact and binds to both ESR1 and ESR2 with higher affinity than that of E 2 (Kuiper et al. 1997 , le Maire et al. 2010 . Animal studies have shown that neonatal exposure to DES (3 mg) induces abnormalities in the mouse ovary, including delayed folliculogenesis and polyovular follicles (Kim et al. 2009b) . Interestingly, further studies on ESR deficient mice (aERKO and bERKO) have shown that DES (3 mg) induces ovarian abnormalities through different ESRs. Specifically, DES inhibits follicle formation and development through ESR1 (Kim et al. 2009b) , whereas it induces polyovular follicles through ESR2 (Kirigaya et al. 2009 ). In mice, in utero exposure to DES (100 mg/kg) was shown to change ovarian morphology and alter ex vivo ovarian steroidogenesis in the offspring of the dosed dams (Haney et al. 1984) . Furthermore, in vitro studies have demonstrated that DES can disrupt steroidogenesis by rat ovarian follicles. For example, DES (1 mM) was shown to decrease E 2 and testosterone secretion by ovarian follicles without affecting cAMP levels or aromatase activity (Myllymäki et al. 2005a ). These observations highlight the fact that some EDCs not only alter the availability of endogenous hormones (i.e. synthesis and metabolism), but also interfere with hormone signaling via their specific receptors.
Phytoestrogens are plant compounds with estrogenic biological activity. They have a phenolic A ring, which is crucial for ESR binding. Since they have much higher binding affinity for ESR2 compared with ESR1, they are thought to signal predominantly via ESR2 (Drummond & Fuller 2010) . Genistein, for example, has a 20-fold higher binding affinity for ESR2 compared with ESR1. Studies have shown that neonatal exposure to environmentally relevant doses of genistein (3 mg) leads to abnormalities in female reproductive functions in rodents, including reduced fertility, polyovular follicle formation, altered estrous cycles, and delayed parturition (Cimafranca et al. 2010) . The effects of genistein on the ovary are comparable to the ovarian phenotype of bERKO mice, suggesting that the action of genistein is predominantly mediated via ESR2 (Jefferson et al. 2002) . Like DES, genistein has also been shown to alter steroidogenesis. Specifically, genistein (0.1-1 mM) decreased ex vivo production of cAMP and testosterone by increasing aromatase activity in rat ovarian follicles (Myllymäki et al. 2005a) .
The pesticide MXC is another example of an EDC that affects ovarian function through ESR. Studies using transfected cell lines have demonstrated that the active metabolites of MXC are agonists of ESR1, but antagonists for both ESR2 and AR (Gaido et al. 2000) . Other studies have shown that fetal and neonatal exposure to MXC (20 mg/kg and 100 mg/kg) alters methylation on the promoter region of ESR2 and therefore suppresses the expression of ESR2, causing ovarian dysfunction in the rat (Armenti et al. 2008 , Zama & Uzumcu 2009 ). Interestingly, antral follicles overexpressing ESR1 have been shown to be more sensitive to toxicity by MXC and its metabolites in both in vivo and in vitro experiments (Tomic et al. 2006 . Increased sensitivity to MXC and metabolites in this model has been proposed to be due to differential mRNA expression of other receptors such as ESR2, AR, progesterone receptor (PGR), and AHR, as well as that of the xenobiotic-metabolizing enzyme Cyp3a41a .
Early studies with BPA showed that it has estrogenic properties and its binding affinity to ESRs is lower than E 2 or DES (Zama & Uzumcu 2009 ). In vitro, BPA acts as an agonist for both ESR1 and ESR2 on a tissue-specific basis (Kurosawa et al. 2002) , although in vivo findings suggest that it can also antagonize ESR2 function (Susiarjo et al. 2007 ). Furthermore, receptor binding assays show that BPA has higher affinity for ESR2 than ESR1 (Matthews et al. 2001) . Also, receptor binding assays and X-ray crystal structure analyses have demonstrated that BPA binds strongly to human estrogen-related receptor g (ESRRG/ ERRg; Takayanagi et al. 2006 , Matsushima et al. 2008 . Animal studies have shown that prenatal and neonatal exposure to low environmentally relevant doses of BPA (25 and 250 mg/kg) cause numerous abnormalities in the ovary and uterus (Maffini et al. 2006) . BPA causes defects in synapsis and recombination in the homologous chromosomes in the fetal ovary, which are similar to the meiotic defects in the oocytes of bERKO fetal gonads, suggesting that BPA disrupts early oogenesis in mouse ovary via an ESR2 signaling pathway (Hunt et al. 2003 , Susiarjo et al. 2007 ).
Aryl hydrocarbon receptor
The AHR is a ligand-activated nuclear transcription factor, which acts as an intracellular mediator of xenobiotic signaling pathways. The AHR and its nuclear partner AHR nuclear translocator (ARNT) are present in various ovarian cell types (oocytes, granulosa cells, and theca cells) in rodents, primates, and humans (Hernandez-Ochoa et al. 2010) . In general, xenobiotics bind to the AHR, triggering the nuclear translocation and formation AHR-ARNT heterodimers. The ligand-AHR-ARNT active complex binds to the xenobiotic-responsive element on the promoter region of AHR-regulated genes and therefore alters their transcription . These genes include Cyp1a1 and Cyp1b1, as well as genes that regulate cell proliferation and differentiation (Okey et al. 1994 , Dasmahapatra et al. 2002 , Barnett et al. 2007 . Gene-depletion studies in mice have suggested that the AHR controls folliculogenesis by inducing apoptosis, which leads to germ cell nest breakdown and formation of primordial follicles (Benedict et al. 2000) . It also regulates ovarian follicular growth and steroidogenesis in antral follicles (Baba et al. 2005 , Barnett et al. 2007 , Hernandez-Ochoa et al. 2010 .
Several studies indicate that the AHR mediates the ovarian toxicity of xenobiotics, such as TCDD and PCBs. TCDD has been shown to act through the AHR and affect follicle development, steroidogenesis, and ovulation. Animal studies have shown that chronic exposure to TCDD (50 and 200 ng/kg per week) induces premature reproductive senescence and decreases estradiol levels in female rats, without depletion of ovarian follicular reserves (Shi et al. 2007 ). In the porcine ovary, TCDD (32 pg/ml) induces the expression of AHR in granulosa, but not theca cells (Wojtowicz et al. 2005) . In the rat ovary, TCDD (32 mg/kg) inhibits ovulation by suppressing the expression of prostaglandinendoperoxide synthase 2 (PTGS2, also known as cyclooxygenase-2 (COX-2)), a critical ovulation factor, via the AHR signaling pathway (Mizuyachi et al. 2002) .
Finally, epidemiological studies of smokers have provided evidence suggesting that PAHs are ovotoxic in women (Weinberg et al. 1989) . Animal studies also showed that PAHs destroy ovarian follicles via the AHR signaling pathway in rat and mice . Maternal exposure to PAHs before pregnancy and/or during lactation (cumulative dose of 12 mg/kg), compromises ovarian reserve of female offspring (Jurisicova et al. 2007) . Further studies show that PAHs activate the AHR signaling pathway and induce the expression of pro-apoptotic genes, thus, accelerating germ cell depletion in mice (Pru et al. 2009 ).
Endocrine disruptors in ovarian function

Androgen receptor
The AR is expressed in the ovaries of several species, including rodents, primates, and humans. The expression occurs in granulosa cells, oocytes and to a lesser extent in theca/interstitial cells (Pelletier 2000) . Androgens and the AR have well known roles in male reproduction, but less is known about their roles in female reproduction. Studies of AR knockout mice have revealed that AR function is essential for maintaining female fertility, by optimizing follicular growth, final follicle development, and ovulation (Walters et al. 2010) . While toxicity studies related to androgens and the AR have focused on the effects of EDCs on male reproductive system, limited in vitro reporter gene assays have shown that the herbicide chlornitrofen exhibits antiandrogenic activity in Chinese hamster ovary cells (Kojima et al. 2003) while HPTE (500 mg/kg) was shown to be antiandrogenic in mouse ovarian and uterine tissues (Waters et al. 2001) .
Other hormone receptors
In addition to the nuclear receptors discussed above, other hormone receptors, including PGR, FSHR, and LHR, might play roles in EDC-induced ovarian toxicity. Several studies have shown that exposure to EDCs can alter the downstream signaling pathways of these hormone receptors by suppressing their expression. In vitro gene profiling studies have shown that exposure to HPTE (5-10 mM), an active metabolite of MXC, affects the FSH signaling pathway and suppresses the expression of PGR and LHR in rat granulosa cells (Harvey et al. 2009 ). TCDD (10 pM) suppresses the expression and mRNA stability of FSH-induced LH receptors in rat granulosa cells, suggesting that TCDD disrupts the signaling pathway that responds to LH-induced ovulation (Minegishi et al. 2003) . However, there is limited evidence showing that EDCs cause ovarian toxicity by directly affecting the binding and/or activation of these hormone receptors. Thus, more work needs to be done to define the mechanism of action of EDCs on receptors such as the PGR, FSHR, and LHR.
Summary
Many EDCs can interact with the female reproductive system and lead to endocrine disruption in the ovary. Although originally thought to exert their effects via binding transcription factor receptors, EDCs can alter endocrine function through a variety of mechanisms. In this review, we have discussed two major mechanisms by which EDCs may alter ovarian function. In the first mechanism discussed, chemicals may alter the expression and/or activity of enzymes required for synthesis and/or catabolism of ovarian sex steroids. Secondly, chemicals may alter the expression of hormone receptors and/or their ability to bind their endogenous ligands. There is no doubt that both mechanisms lead to altered ovarian function by altering endocrine signaling within the ovary and the rest of the reproductive organs. More studies, however, are needed to further understand the mechanisms of action of currently known EDCs, identify and characterize new EDCs, and expand toxicological research beyond commonly studied receptors and pathways.
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